We present an experimental and theoretical study of magnetocrystalline anisotropies in arrays of bars patterned lithographically into (Ga,Mn)As epilayers grown under compressive lattice strain. Structural properties of the (Ga,Mn)As microbars are investigated by high-resolution X-ray diffraction measurements. The experimental data, showing strong strain relaxation effects, are in good agreement with finite element simulations. SQUID magnetization measurements are performed to study the control of magnetic anisotropy in (Ga,Mn)As by the lithographically induced strain relaxation of the microbars. Microscopic theoretical modeling of the anisotropy is performed based on the mean-field kinetic-exchange model of the ferromagnetic spin-orbit coupled band structure of (Ga,Mn)As. Based on the overall agreement between experimental data and theoretical modelling we conclude that the micropatterning induced anisotropies are of the magnetocrystalline, spin-orbit coupling origin.
I. INTRODUCTION
Dilute moment ferromagnetic semiconductors, such as (Ga,Mn)As, are favorable systems for studying and utilizing controllable magnetic anisotropy since micromagnetic parameters of this ferromagnet are very sensitive to Mn doping, hole concentration, lattice strains, and temperature. The magnetic moment density is small in these ferromagnets and therefore the spin-orbit coupling induced magnetocrystalline anisotropy typically dominates the dipolar-field shape anisotropy.
The control of the magnetocrystalline anisotropy in (Ga,Mn)As epilayers has been achieved by choosing different substrates and therefore different growth induced strain in the magnetic layer, by varying the growth parameters of the (Ga,Mn)As film, and by postgrowth annealing.
1,2 Reversible electrical control of the magnetocrystalline anisotropy has been demonstrated by utilizing piezo-electric stressors [3] [4] [5] or by electrostatic gating in thin-film (Ga,Mn)As field effect transistor structures. 6, 7 Recently, a local control of the magnetocrystalline anisotropy has been reported, which provides the possibility for realizing non-uniform magnetization profiles and which can be utilized, e.g., in studies of current induced magnetization dynamics phenomena or non-volatile memory devices. 8, 9 In these studies an efficient method of local strain control has been used which is based on lithographic patterning that allows for the relaxation of the lattice mismatch between the (Ga,Mn)As epilayer and the GaAs substrate. [8] [9] [10] [11] [12] The modification to the strain distribution can cause strong changes of the magnetic anisotropy for strains as small as 10 −4 . The high efficiency and practical utility of the lithographic pattering control of magnetic anisotropy in (Ga,Mn)As, demonstrated in the previous works, have motivated our thorough investigation of the phenomenon which is presented in this paper. Our study is based on combined high-resolution X-ray diffraction and magnetization measurements and on macroscopic modeling of the strain relaxation and microscopic calculations of the corresponding magnetic anisotropies.
We investigate two sets of lithographically patterned (Ga,Mn)As microbars which differ in the thickness to width ratio, Mn doping, and hole concentration. First, we study the structural properties by high resolution X-ray diffraction of microbars patterned in the thicker, higher Mn doped as-grown (Ga,Mn)As material which has a large growth induced strain. The spatial distribution of the lattice relaxation in the stripe cross-section is determined by comparing the measured intensity maps to maps simulated using the theory of elastic deformations and the kinematic scattering theory. The good agreement of the measurement and simulation shows that the applied model is quantitatively reliable in predicting the local lattice relaxation in patterned epilayers subject to small lattice mismatch. This allows us to infer the much weaker lattice relaxation in stripes fabricated in the thinner and lower Mn concentration (Ga,Mn)As by performing only the elastic theory simulations.
In the next step, we measure the magnetic properties of our samples by Superconducting Quantum Interference Device (SQUID) and extract the anisotropy coefficients. Stronger focus is on stripes fabricated in the thinner, annealed (Ga,Mn)As epilayer where the SQUID magnetometry data allow for a reliable extraction of the temperature dependence of the anisotropy coefficients and for direct comparison with the microscopic model. We assumed a linear superposition of the in-plane uniaxial anisotropies and the presence of a single magnetic domain when analyzing the SQUID magnetometry data. We show that the easy axis can be rotated by 90
• by the micropatterning, completely over-writing the underlying material anisotropy at all studied temperatures.
Finally, we calculate the anisotropy coefficients for a range of material parameters and temperatures below T C . The lattice relaxations determined form the X-ray diffraction measurement and from finite element simulations are the inputs of the microscopic calculations of the magnetocrystalline anisotropy. The microscopic model we use is based on an envelope function description of the valence-band holes and a spin representation for their kinetic-exchange interaction with localized moments on Mn 2+ ions, treated in the mean-field approximation.
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II. SAMPLES
We study two sets of patterned (Ga,Mn)As epilayers grown on GaAs substrate. The samples in set A are doped nominally to 5% of Mn, annealed for approximately 75 minutes at 180
• C, and the epilayer is 25 nm thick. The Curie temperature T C ≈ 120 K corresponds to optimal annealing of the wafer. 16 The control sample A 0 was not patterned. Samples A [110] and A [110] were patterned into 25 mm 2 arrays of stripes at an angle α ≈ 140
• and α ≈ 50
• , respectively. Here the angle α is measured from the [100] crystallographic direction. The unintentional 5
• misalignment from the crystal diagonals caused by the microfabrication is accounted for when analyzing the data. The stripes are 750 nm wide, 100 µm long, and separated by 450 nm gaps, as measured by Atomic Force Microscope (AFM). The fabrication was done by electron beam lithography and wet chemical etching using a solution of phosphoric acid and hydrogen peroxide. The AFM measurements revealed an etch depth of ≈ 60 nm, and cross-sectional Scanning Electron Microscope (SEM) imaging confirmed that the wet etching leads to anisotropic stripe cross-sections, with the A [110] stripes being undercut and the A [110] stripes overcut, as shown in Fig. 1 .
The samples in set B are doped nominally to 7%, not annealed, the epilayer is 200 nm thick, and the Curie temperature T C ≈ 85 K. The control sample B 0 was not patterned. Samples B [110] and B [010] were patterned into arrays of 1 µm wide stripes with 1 µm wide gaps along the [110] and [010] crystallographic directions, respectively. The fabrication was done by electron beam lithography and dry chemical etching with an etch depth ≈ 700 nm (B [110] ) and ≈ 900 nm (B [010] ). The sides of the stripes are slightly overcut in both cases owing to the symmetric dry etching.
With respect to our theoretical modelling of the magnetic anisotropies of our samples, we recall that relating the prediction to the measurement based on the material parameters is not straight forward due to the presence of unintentional compensating defects in the epilayers. Most importantly, a fraction of Mn is incorporated in interstitial positions. These impurities tend to form pairs with Mn Ga acceptors in as-grown systems with approximately zero net moment of the pair, resulting in an effec- [110] showing both the cleaved face and the top surface. Although difficult to discern, the profile is undercut. The curvature is due to the sample stage drifting during the exposure of the image. Introduction of coordinates fixed to the crystallographic axes and dashed coordinates fixed to the stripe geometry: the relaxation direction perpendicular to the stripes, the x axis, is rotated by angle ω − 45
• with respect to the [100] crystallographic direction, the x axis. The angle ω ≡ α − 45
• describes the rotation of x with respect to the tive local-moment concentration x ef f = x s − x i . 16 Here x s and x i are partial concentrations of substitutional and interstitial Mn, respectively. We emphasize that in figures presenting calculated data the Mn concentration labelled as x corresponds to the density of uncompensated local moments, i.e., to x ef f .
Another input parameter of the theoretical modeling is the lattice mismatch which is different in set A and B as it depends on the partial concentrations of Mn atoms in substitutional and interstitial positions in the lattice and of other unintentional impurities. 17 The lattice mismatch is determined by direct X-ray measurement as detailed in the following section. direction which is the frame of reference for the microscopic magneto-crystalline anisotropies. The dashed coordinate system is fixed to the stripe geometry: x -axis lies along the relaxation direction transverse to the stripe, y -axis along the stripe, and z -axis along the growth direction coinciding with the z-axis. The dashed coordinates are the natural reference for the macroscopic lattice relaxation simulations.
III. LATTICE RELAXATION
The lattice of thin (Ga,Mn)As films grown epitaxially on GaAs substrates is strained compressively due to a lattice mismatch e 0 = (a s − a 0 )/a 0 < 0 where a s and a 0 are the lattice constant of the substrate and of the relaxed free-standing (Ga,Mn)As epilayer, respectively. The narrow stripes allow for anisotropic relaxation of the compressive strain present in the unpatterned epilayer. An expansion of the crystal lattice along the direction perpendicular to the bar occurs while the epilayer lattice constant along the bar remains unchanged. Parameters sufficient for determination of the induced strain are the lattice mismatch e 0 and the shape of the stripe, mainly the thickness to width ratio of the stripe. In the regime of small deformations the components of the induced strain are linearly proportional to the lattice mismatch. The strain tensor in the coordinate system fixed to the stripe reads:
where the lattice relaxation is quantified by ρ(x , z ) which varies over the stripe cross-section, c 12 and c 11 are the elastic moduli. The strain components in this work are expressed with respect to a relaxed free-standing (Ga,Mn)As epilayer. Note that for ρ = 0 the strain tensor e r describes the growth strain of the unpatterned epilayer. In this section we investigate experimentally and theoretically the geometry of the stripes, the size of the lattice mismatch and the spatial dependence of the lattice relaxation ρ(x , z ). The results are used as an input of the microscopic modeling of the magnetic anisotropies in Sec. V.
Microbars in set B have larger thickness to width ratio than microbars in set A. Therefore the relaxation is expected to be larger in set B. At the same time, the (Ga,Mn)As epilayer has larger volume in set B, primarily due to a larger number of interstitial Mn in this higher doped unannealed material. The larger film thickness and larger growth strain in set B make these materials significantly more favorable for an accurate X-ray diffraction analysis of the strain profile in the patterned microbars.
The lattice relaxation in samples B [110] and B [110] was measured by high-resolution X-ray diffraction using the synchrotron source at ESRF Grenoble (beamline ID10B, photon energy 7.95 keV). For a reliable determination of both in-plane (u x ) and vertical (u z ) components of the elastic displacement field we measured the reciprocalspace distribution of the diffracted intensity around the symmetric 004 and asymmetric 404 reciprocal lattice points. The asymmetric diffraction was chosen so that the in-plane component of the corresponding reciprocal lattice vector h was perpendicular to the stripes. The diffracted radiation was measured by a linear X-ray detector lying in the scattering plane. . In the bottom row, the measured (points) and simulated (lines) intensities integrated along the horizontal (left) and vertical (right) directions are plotted. In the intensity maps, the color scale is logarithmic.
Figs. 2 and 3 present examples of the measured (upper left panels) and simulated (upper right panels) reciprocal space maps, showing two maxima corresponding to the reciprocal lattice points of the GaAs substrate and the (Ga,Mn)As layer. The bottom panels show the measured and simulated integrated intensities for two directions in the reciprocal space. Since the lateral stripe period was larger than the coherence width of the primary radiation, different stripes were irradiated incoherently, so that the lateral intensity satellites stemming from the lateral stripe periodicity could not be resolved. The measured intensity distribution is therefore proportional to the intensity scattered from a single microbar.
We fitted the measured intensity maps to numerical simulations based on the kinematic scattering theory and the theory of anisotropic elastic medium. We used a finite-element simulation (implemented in Structural Mechanics Module of Comsol Multiphysics, standard partial differential equation solver) to obtain the local relaxation distribution ρ(x , z ) in the stripes and derived the corresponding reciprocal space map. The angle of the sides of the stripes and the lattice mismatch e 0 of the (Ga,Mn)As and GaAs lattices were the two fitting parameters. The left column of Figs. 2 and 3 shows the measured diffraction maps and projections. The right column shows the simulated results. The lateral and vertical projections of the measured and simulated intensity maps as well as the whole maps are used in the fitting. The coordinates q x and q z span the reciprocal space conjugate to the real space with coordinates x and z fixed to the stripe. They are measured with respect to the reciprocal lattice point 004 and 404.
The remarkable agreement of the measured and simulated diffraction maps shows that our model of the lattice deformations is quantitatively relevant in determining the local lattice relaxation ρ(x , z ) in the stripes shown in Fig. 4 , the lattice mismatch between the epilayer and the substrate, e 0 = −0.38 ± 0.03% for set B, and the stripe geometry, a trapezoidal cross-section of the stripe also shown in Fig. 4 . The largest relaxation is observed in the corners of the stripes.
The slopes of the sides in set B are few degrees larger than angles typically occurring when dry etching is used during the patterning process. Note that the X-ray diffraction reveals only the regions with regular lattice structure whereas the dry etching can leave a thin nonuniform amorphous coating on the stripes which leads to the unexpected non-rectilinear shape of the stripe crosssection resulting from the fitting.
In the next step, we use our modelling of the lattice relaxation also for stripes of set A where the X-ray diffraction would be less accurate due to the small volume of the epilayer, however, the relaxation mechanism should be of the same nature as in set B. Fig. 5 shows the spatial dependence of the function ρ(x , z ) for two different geometries relevant to samples in set A. The shape of the stripe cross-section cannot be determined from the SEM image of Fig. 1 with nanometer accuracy. This uncertainty cannot be neglected in the undercut stripes A [110] . Therefore, more geometries (slopes of the sides) were simulated and one representative example is given in the upper panel of Fig. 5 . On the other hand, the precise shape of the sides does not play such an important role in case of the overcut stripes A [110] shown in the lower panel of Fig. 5 . In all geometries, the local induced strain is stronger closer to the edges of the stripes.
The comparison of the macroscopic simulations and X- ray diffraction measurements are done on the level of the full spatial distribution of the relaxation ρ(x , z ). The magnetic characteristics, considered in this work in the single domain approximation, are analyzed based on the net lattice relaxation. Here we take advantage of the direct proportionality of the magnetocrystalline anisotropy to the corresponding strain 18, 19 and calculate the mean anisotropy from the spatial average of ρ(x , z ) over the stripe cross-section. We will denote this average quantity byρ in the rest of the paper.
The last step in obtaining the input parameters for the microscopic modelling is writing the net in-plane compo-nents of the total strain tensor introduced in Eq. (1) in the coordinate system fixed to the main crystallographic axes introduced in Fig. 1 :
e
• , i.e., the relaxation direction is aligned with the [100] axis. We emphasize that the average relaxationρ depends on ω. We rotate the elasticity matrix describing the cubic crystal when simulating the lattice relaxation along different directions.
The strain components e xx , e yy , and e xy for the stripes in set A are obtained from the macroscopic simulations and considering e 0 ≈ −0.22%. 16, 20 The lattice mismatch e0 and the lattice relaxation ρ for the patterned samples as entering the microscopic calculations in Sec. V. The value of e0 in set B is determined from the X-ray diffraction experiment, whereas e0 in set A is inferred from the partial Mn concentrations using the analysis of Refs. [20, 16] .
the parameters determined in this section.
IV. EXPERIMENTAL MAGNETIC ANISOTROPIES
In-plane magnetic anisotropies in thin (Ga,Mn)As films are often analyzed using the lowest order decomposition of the free energy profile into separate terms of distinct symmetry. [21] [22] [23] In this study, we follow this track by adopting the following phenomenological formula:
The cubic symmetry of the underlying zinc-blende structure is described by the first term with minima along the diagonals present in the unpatterned (Ga,Mn)As epilayers. The last term quantified by K Ω describes the uniaxial anisotropy with an extremum at an angle Ω induced by the relaxation of the lattice mismatch of the doped epilayer and the substrate. The angle Ω is in general not equal to the angle of the corresponding lattice relaxation ω. 19 Both angles are measured from the [110] axis.
A. Remanent magnetization
Remanent magnetization along the main crystallographic directions was measured by SQUID for both sets of samples. The obtained values include the magnetocrystalline anisotropies described in the previous paragraph as well as the shape anisotropy which always prefers the magnetization alignment with the longest side of a rectangular prism such as the stripes. The behavior of the anisotropy components at T > 60 K cannot be described within the single domain approximation. However, the anisotropies of unpatterned samples are relevant to our microscopic analysis of measurements in the microbars only at the lowest temperatures where we extract intrinsic anisotropy coefficients and deduce the material parameters as detailed in Sec. V. nals switch roles and in analogy with the previous case the easy axis prefers alignment close to the stripe direction, which is the hard axis over most of the temperature range in the parent wafer. This means that a rotation of the easy axis by as much as 90
• is achieved by the post-growth patterning. Note that the difference of the projection of the remanent magnetization to the [100] and [010] directions in the two patterned samples is due to a 5
• misalignment between the stripes and the crystal diagonals introduced during the fabrication.
The samples in set B posses stronger cubic anisotropy. Fig. 9 shows that in the control sample B 0 the intrinsic uniaxial anisotropy dominates over the cubic anisotropy only at temperatures above 20 K and the [110] diagonal is easier than the [110] diagonal at all temperatures below T C . Fig. 10 shows a strengthening of the uniaxial anisotropy along the stripe direction in the sample B [110] , although not large enough to overcome the cubic anisotropy at the lowest temperatures. The transition from cubic to uniaxial anisotropy occurs at a lower temperature than in the control sample. The [110] direction is hardened. The main crystal axes [100] and [010] remain equal due to the more accurate alignment of the stripes with the crystal diagonal. Fig. 11 shows a differentiation of the [100] and [010] projections in the sample B [010] . The uniaxial anisotropy along the stripe direction now dominates at all temperatures. The intrinsic anisotropy differentiating the diagonal directions is less pronounced than in case of B 0 as it has to compete also with the induced uniaxial anisotropy.
We can conclude that the universal effect seen in all patterned (Ga,Mn)As/GaAs samples is the preference of the easy axis to align parallel to the stripe which is the direction in which the growth induced compressive strain cannot relax, i.e., the direction of the relative lattice contraction in (Ga,Mn)As. This is reminiscent of the magnetocrystalline anisotropy of unpatterned (Ga,Mn)As epilayers which typically yields easyaxis oriented also along the direction of contraction, i.e., in-plane for compressively strained (Ga,Mn)As epilayers and out-of-plane for (Ga,Mn)As films grown under tensile strain. 19 We point out that the measured magnitudes of magnetic anisotropies in the microbars are an order of magnitude larger than the shape anisotropy contribution for given concentration of magnetic moments and thickness to width ratio. The microfabrication effects in the (Ga,Mn)As stripes are therefore primarily due to the spin-orbit coupling induced magnetocrystalline anisotropy.
B. Anisotropy coefficients
After investigating the reorientations of the easy axis we focus on the magnitude of the individual anisotropy components. We measure the hysteresis loops using the SQUID magnetometry and fit the results to the following equation:
where K i = µ 0 M S H i were introduced in Eq. (3), M S is the saturation magnetization, H is the external magnetic field applied at the angle φ H , and the last term is the Zeeman energy. All angles in Eq. (4) are measured from the [110] axis. In case of a general alignment of the induced uniaxial strain, the angle Ω of the corresponding uniaxial anisotropy is an independent fitting parameter. However, in case of the main crystallographic axes and their small surrounding we can set Ω = ω, i.e., the anisotropy term is aligned with the corresponding uniaxial strain. 19 An overview of the resulting angles Ω for the different alignments of stripes in sets A and B is given in Table II When determining the anisotropy coefficients in the stripes we use the assumption of linear superposition of the anisotropies present in the unpatterned samples with the anisotropies induced by the patterning and lattice relaxation: the coefficients K c and K u are obtained first in the control samples and kept fixed when fitting the stripes fabricated from the same epilayer. The assumption is justified on the qualitative level by the remanent magnetization measurement discussed in the previous subsection which revealed the persistence of the bulk anisotropies in all patterned samples. Its validity has been corroborated also by studies of epilayers subject to post-growth piezo straining 3 and lithographic patterning. 8 We emphasize that our approach is appropriate only when the lattice relaxation direction is very close to the main crystallographic axes or when the angle Ω is also treated as a fitting paramater.
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Another assumption concerns the magnetization reorientation mechanism determining the shape of the hysteresis loops. In case of a dominant uniaxial anisotropy we fit the hysteresis loops obtained for external fields applied along the hard axis. In case of a dominant cubic anisotropy there is no completely hard direction. We nevertheless still consider a single domain model in the fitting.
Anisotropy coefficients for all six samples at the lowest temperature are summarized in Table II . Recall that these energies include also the contribution of the shape anisotropy which amounts to ∼ 0.1 kJ/m 3 in samples A [110] and A [110] and ∼ 0.3 kJ/m 3 in the samples B [110] and B [010] with the higher thickness to width ratio. Note that the smaller coefficient K 45 leads to the formation of a strongly uniaxial system as shown in Figs. 11, whereas the larger coefficient K 90 cannot overcome the cubic anisotropy component, at least at low temperatures as shown in Fig. 10 . It is because in case of sample B [010] , the induced anisotropy is added along the [010] axis which was already the easy (together with [100]) direction in the unpatterned epilayer.
For the thinner and more homogeneous epilayers in set A we were able to extract the temperature dependence of the anisotropy coefficients from the hysteresis loops up to T = 60 K as shown in Fig. 12 . The uniaxial coefficients due to lattice relaxation dominate the anisotropy at all temperatures. At low temperatures the relative size of the induced anisotropies corresponds well to the simulated relaxationsρ: Sample A [110] with overcut sides (weaker relaxation) shows smaller anisotropy than sample A [110] with undercut sides (stronger relaxation). The cubic anisotropy remains positive for all studied temperatures T < 60 K which is in good agreement with the remanent magnetization data shown in Fig. 6 . We do not discuss measurements above 60 K for which, as mentioned above, the single domain model is not applicable.
V. COMPARISON WITH THEORY
In this section we build on macroscopic calculations of the lattice relaxation presented in Sec. III, perform the microscopic calculations of the magnetic anisotropy energy, and analyze its correspondence with the experimental results on the level of anisotropy coefficients. We extract the coefficients by fitting the calculated total energies to Eq. (3) for different magnetization directions.
The comparison of the experimental and theoretical results involves a number of material parameters. The most important inputs of the microscopic calculations are the concentration of the ferromagnetically ordered Mn local moments (x) and the hole density (p). Unfortunately, these two parameters cannot be accurately con- trolled during the growth or determined post growth.
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The measured saturation magnetization, the conductivity, and the Curie temperature of the control samples provide only estimates of these input parameters with limited accuracy.
Another independent input parameter of the microscopic simulations is the "intrinsic" shear strain which has been used successfully to model 19, 26 the in-plane uniaxial anisotropy in the unpatterned samples. We recall that such modelling for small strains (the typical values 19 are e in ∼ 10 −4 ) complies well with the assumption that the "intrinsic" uniaxial anisotropy superposes linearly with anisotropy components induced by the lattice relaxation, as mentioned in the previous section. The intrinsic shear strain is added to the off-diagonal element of the total strain tensor written in Eq. (2) giving: e xy = e in + e 0ρ 2 cos 2ω. Fig. 13 shows the combinations of x, p, and e in for which the calculated intrinsic K u and K c of the control samples A 0 and B 0 agree with the measured values at zero temperature. By this we limit the intervals of x, p, and e in values considered in the modeling of the temperature dependent anisotropy coefficients in all measured samples. Note, that we have also imposed an upper bound to x given by the nominal Mn doping in the particular material and a bound to p ensuring a maximum of one hole per Mn ion and in-plane easy axis (axes). This method allows for predicting the induced anisotropy coefficients in the microbars without any adjustable parameters in the microscopic model.
A. Low temperatures
Using parameter combinations shown in Fig. 13 we calculate the induced uniaxial anisotropies in the microbars at zero temperature. The left and right vertical axis of Table II . The relations K 95 < K 5 and K 90 > K 45 hold both in theory and in experiment. We observe a semi-quantitative agreement in samples A [110] and A [110] where the measured values are roughly a factor of 2 larger than the calculated ones. The ratio of the calculated coefficients K Ω for samples A [110] and A [110] , K 95 /K 5 , is in excellent agreement with experiment (the difference is only 4%). These agreements justify the interpretation of the measured effects in the microbars based on the strain-relaxation controlled magnetocrystalline anisotropy. Note that they also support the assumption of the linear superposition of individual uniaxial anisotropies terms used in our analysis.
Fig. 14 shows also extracted anisotropy coefficients for samples B [110] and B [010] . In this case, the calculated ratio of coefficients extracted for the two stripe alignments, K 90 /K 45 , is approximately 20% larger then the corresponding experimental ratio, i.e., still in a very good agreement. We note, however, that the absolute values of the measured coefficients are about a factor of 10 lower than the calculated ones. A possible source of this discrepancy is the large value of the experimentally inferred K c due to inaccurate subtraction of the paramagnetic and diamagnetic backgrounds from the measured hysteresis curves. In general, we also expect that the theoretical modelling is less reliable in the thicker, as-grown samples B due to stronger disorder and inhomogeneities in the material.
As a consequence of the almost complete relaxation of the lattice mismatch in the thicker samples the calculated anisotropy coefficients are larger than the cubic coefficient at all studied temperatures which is not in agreement with the measured coefficients in set B at low temperature (see Table II ). Fig. 13 .
B. Temperature dependence
We now select six representative combinations of x, p, and e in from the relevant interval shown in Fig. 13 , calculate the temperature dependence of all anisotropy coefficients for each set of parameters, and discuss the comparison with the measured anisotropies. We recall that in our mean-field modeling at finite temperatures the calculated T C is uniquely determined by x and p. Note that for the entire interval of relevant x and p determined from the low-temperature analysis in the previous section, we obtain Curie temperatures which are in agreement with the experimental values in materials A and B within a factor of 2. This provides an additional support for the overall consistency of our microscopic theoretical analysis of the measured data. Fig. 15 shows the calculated intrinsic anisotropy coefficients K c and K u of samples in set A for three fixed parameter combinations. At zero temperature the values coincide with data in Fig. 13 . The cubic anisotropy component is stronger than the intrinsic uniaxial component at lowest temperatures but it quickly becomes weaker as temperature is increased for all parameter combinations. This temperature dependence is in agreement with the experimental anisotropies measured below 60 K, as shown in Fig. 12 . The comparison cannot be extended to higher temperatures because, as explained above, the experimental behavior at these temperatures is not captured by the single domain model. Fig. 16 shows the calculated anisotropy coefficients K Ω of samples A [110] and A [110] again for the three fixed parameter combinations. The calculated anisotropy components decrease monotonously with increasing temperature in agreement with the measured dependencies presented in Fig. 12 . The comparison provides additional support for the interpretation of the experimental data, suggested already by the analysis at low-temperature, which is based on the strain relaxation induced magne- tocrystalline ansisotropy effects. Fig. 17 shows the calculated intrinsic anisotropy coefficients K c and K u of samples in set B again for three fixed parameter combinations. At zero temperature the values coincide with data in Fig. 13 . The calculated cubic anisotropy dominates over the uniaxial anisotropy at low temperatures in agreement with the experiment. The cross-over in the theory curves to the dominant uniaxial anisotropy occurs at higher temperatures than T C /3 observed in experiment (see Fig. 9 ); at the upper part of the relevant interval of Mn concentrations the theoretical crossover occurs at T C /2. We again attribute this quantitative discrepancy to inhomogeneities and stronger disorder in the thick as-grown material B. Fig. 18 shows the anisotropy coefficients K Ω of samples B [110] and B [010] for the same fixed parameter combinations as in Fig. 17 . Again, we observe very similar dependence of the uniaxial anisotropy coefficients on temperature as in experiment. The monotonous decrease of the coefficients with growing temperature is in agree- ment with the measured remanent magnetization data in Figs. 11 and 10. Both induced anisotropy coefficients are predicted to be larger than the cubic coefficient at all studied temperatures. This complies with the measured remanence data of sample B [010] . Sample B [110] shows agreement above 20 K. Its behavior at temperatures below 20 K, is not captured by the theory data as we have already discussed in the previous subsection.
VI. SUMMARY
We have performed a detailed experimental and theoretical analysis of magnetic anisotropies induced in lithographically patterned (Ga,Mn)As/GaAs microbar arrays. Structural properties of the microbars have been studied by X-ray spectroscopy showing strong strain relaxation transverse to the bar axis. The relaxation induced lattice distortion in stripes with thickness to width ratio as small as ∼ 0.1 induces additional uniaxial magnetic anisotropy components which dominate the magnetic anisotropy of the unpatterned (Ga,Mn)As epilayer, as revealed by SQUID magnetization measurements. The easy axis can be rotated by the micropatterning by 90
• at all temperatures below the Curie temperature.
We have carried out systematic macroscopic and microscopic modeling of the structural and magnetic characteristics of the microbars and analyzed in detail the experimental results. The agreement of the measured and simulated X-ray diffraction maps shows that the applied elastic theory model is quantitatively reliable in predicting the local lattice relaxation in patterned epilayers with the growth induced strain. The overall good agreement of the microscopically calculated and measured magnetic anisotropies conclusively demonstrate that the patterning induced anisotropies are of the magnetocrystalline, spin-orbit coupling origin.
